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Attenuation of shock waves was studied in annealed 1060 aluminum,

2024-T351 aluminum, and Teflon by impacting samples with explosively

di.,en aLuminum plates. Free-surface velocities were meas~t red az a

function of target thickness by recording the time of flight across a known

distance of a thin shim which was originally in intimate contact with the

surface of the sample. A streak camera was used as the recording

instrument. Experimental results are believed to be more accurate than

any obtained previously. Samples of 2024-T351 aluminum were shocked

to approximately 110 kbars and 340 kbars by fly. r plates having velocities

of about 0. 125 cm/psec and 0.33 cm//sec, respectively. 1060 aluminum

was shocked to 110 kbars and significant differences in its behavior were

observed in comparison to the 2024-T351 aluminum.

Two models are discussed for representing elastoplastic stress-

strain relations. One of these models permits the yield stress to be an

arbitrary function of the hydrostatic pressure. The other permits both

the shear modulus and the yield stress to vary arbitrarily with the strain.

Results of calculations using an artificial viscosity code are given for

the two models. The experimental data do not shoy a stepwise decrease

of the free-surface velocity as predicted by the simple elastic -plastic

models with a von Mises or Coulomb yield criterion. This qualitative

difference is attributed to Bauschinger effect.

Results for Teflon indicate that he fluid model may be satisfactory

although the data are meager and contain some inconsistencies.
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SECTION I

INTRODUCTION

An accurate description o! shock propagation in a solid requires

knowledge of the complete constitutive relation among the stress and

strain tensors and the internal energy. Although a large amount of data

is available on the Hugoniot equations of state of metals and other

solids, in general the data indicate only the density dependence of one

stress component in compression. No information has been directly

obtained concerning stress u.1ference. or the path of the stress-strain

curve upon release of pressure. Most available equation of state data

are therefore sufficient only for descriptions at shock propagation in

which the 'flid apponiznatio" is adequate.

It is generally assumed that at high pressures material rigidity is

unimportant so that a flule-type equation of state suffices. Such a sirn-

plification seems reasonable; however, little experimental informatiorn

exists to indicate pressure levels abnve which this model is accurate.

A priori estimates of the adequacy of the fluid mcdel based on zero-

pressure values of material strength are not conclusive because of

possible increases in strength wih confining pressure.

It has been demonustrated for some metals at lower pressures that

rate-independent elastoplatic theory gives a reasonably accurate

description of the stress-strain path for compression. S The stress-

strain path followed on release of pressure from a shocked state is less

well established and sems to be complicated by the Bauschvinger effect.'

Unfortunaely. the decay of shock iwaves, at least at lower pressures.

may be ensittve sto the mes t shpe of She strese-strain curve for pres.

sure release, and direct u rmo ier =*sariag ibis curve are e •zri-

mentaly difficult.



The work reported here is e eextension of earlier work in which

the decay of shotk waves in several solids was observed and ,mpared

with predictions based on various .ssump'.ons concerning the pressu-re
5, 6,7

release curves. This earlier work showed that rigidity is signifi.

cant in all the materials -.idied at pressures up to at least 100 kbar,

Agreement between experiment and theý,'°y u'is cbtained in most cases

by assuming an elastoplastic rrc. .1,11 and a particular functional depend-

ence of the yield stress and the shear modulus on the pressure; this

representation is not necessarily unique.

Studies on aluminum during the reporting period were aimed toward

obtaining more explicit information on the variation of the shear z.iodu-

tus and the yield stress at high prez.sures, and toward obtaining accurate

knowledge o•f the shape of the pressure-release curve in the immediate

vicinity of the shocked state. Inr this region the elastic and plastic re-

lief waves are most distinctly separated and Gne ca~n hope to determine

the shear modulus and yield stress independently.

The experiments on aluminum -ere conducted on material in

two d'fferenc hA';tial conditions. The major portion of the work was per-

C-"rmed with Z024-T351 in the as-re-eived condition. Some work was

also performed on type 1060 to determine whether the high pressure be-

haviur depends significantly on the initial condition. This latter mate-

rial is also of interest because it is the subject of concurrent equation

of state and strain-rate studies, and becz -ose of Allison's observation

that the fluid model iL satisfactory at higher pressures in soft

aluminum,.

The results of the experimnts and comparisons with the associ-

ated theoret~cl ralculations on aluminum are presented in Section IV.

The ,nodel on which the calculations are based is described in Section 11.
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A few exptri,-nents were conducted on Teflon to compare its be-

havior with predictions based on a fluid model. Those results are

described in Section 77..5.

Several aew techniques were employed in these experiments.

Descriptions of the experimental methods are given in Sectioa III. A

method for propelling reasonably stressýfree, intact aluminurn fiyer

olates at a velocity of 0. 33 cm/gsec was d4veloped and used to produce

coltrolled shock pulses of 345 kbar in alumi-turn. The initial free-

surface jump-off velocities were measured with good precision by means

of a tuchnique that utilizes thin foils initially in contact with the surface.

Some experimentation was performed with an imnrrrsed foil fluid gage

which gave some additional information about the shýck pulse in an

adjacent solid. 9 Appendix I shows the analysis procedure for fluid-cell

experiments. In the course of analyzing these experiments, some data

were obtained on the index of refractiovr of water at high pressure. These

data are ,resented and disct:ssed with relatiLn to the Lorenz-Lorentz

theoretical model in Appendix RI.

3
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SECTION 11

CALCULATIOC OF SHOCK WAVE ATTENUATION

The attenuation experiments cln be simuiated by the use of a

computer code. Two methods were used to solve the flow equations.

One, using the method of chiracteristics, was restricted to cases in

which rigidity was neglected. The equation of state used in this code is

P = A11)Po)

where P is the pressure, p is the density, and po is the density at

zero pressure. Values of the con.,tants A and y for aluminum are

0. 196 Mbar and 4. 1, respectively, and the initial density is 2. 785 g/cc.

Results of the characteristics code and Eq. (1) are labeled "fluid" in

the figures, to emphasize that rigidity-was neglected in the calculations.

The other method for solving the flow equations made use of the

method developed by von Neumann and Richtmyer which uses an arti-

ficial viscosity to smooth discontinuities in the flow.' 0 This method is

more easily applied to problems in which the flow must be calculated

across interfaces between different materials than is the method of

characteristics. It is also more easily applied to problems involving

more complicated equations of state, such as an elastoplastic relation.

Situatiorns where rigidity is neglected are handled bly the use of

the equation

P Ap + Bjj 2 + CjA (')

where M = P/Po - 1. In such a case, the Hugoniot and the expansion

adiabats are assumed to coincide and are all described by Eq. (2).

5!



1. The Constant Poisson's Ratio Model

The elastoplastic relation is diagrammed in Fig. 1. The hydro-

static curve is represented by Eq. (2), and the upper and lower curves

are given by

a =P Y (3)
X 3(3

where Ux is the stress in the direction of propagation of the shock and

Y is the yield stress in simple tension, i.e., twice the maximum re-

solved shear stress. The upper, or loading, curve is made to coincide

with the Hugoniot curve just ae Eq. (1) was forced to do. Calculated

results agreed more closely with experimental results when Y was made

to vary with the hydrostatic pressure as

9/

FIG. I SCHEMATIC DIAGRAM OF ELASTOPLASTIC STRESS-
STRAIN RELATIONS
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Y = Y + M(P-Pa) (4)0

where Y0 is the initial yield stress, Pa is as defined in Fig. 1, and MI

is a constant. Values of the various parameters for the elastoplastic

equation of state are given in Table I for aluminum.

In the derivation of the elastoplastic relations, stress Ox is re-

lated to density, p, by

dOT =K+ 1G) dp.~ (5)

for an elastic event. In Eq. (5), K is the bulk modulus, G is the

rigidity modulus, p is the density, and the subscript x has been dropped.

In the constant Poisson's ratio model, K is replaced by - V dP/dV, %herte

V is the specific volume, P is the hydrostatic pressure, and G is re-

placed by

G 3K (1-2Y) 3V(I-Zy) dP2(l+v) 2(1+v) dV• 6

where V is Poisson's ratio. (This model was used in most of the cat-

culations made earlier in this and preceding pro~jcts.) Combining

Eqs. (5) and (6) gives

do - a At-') 4 (7)
dp - (1+& dp

where c is the sound speed and dP/dp is the slope of the hydrottat.

Using Eq. (3) then gives

(1+--) 3 I dp

so that the elastic So•nd speed depends on both V and Y. This is the

speed of sound in the shocked material arnd Is associated %ith the head

of the rarefaction wave BM shown in Fig 2. The actual veiocity of

7
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FIG. 2 PHYSICAL PLANE FOR PLATE IMPACT EXPERIMENT

this wave is u+ c , where u is the particle velocity in the shocked

region. For flyer plate experiments, the particle velocity is deter-

mined either by measuring the free-surface velocity of a thin target, or

by measuring the flyer plate velocity. The latter is more desirable in

principle because u is exactly one-haU the flyer plate velocity, while

it is only approximately half the free-surface velocity. 11 Experiment-

ally it is easier to measure the free-surface velocity, It can be shown

that the sound speed is determined if the physical coordinate of the

S_ - . ..-B



point M (Fig. 2) is known, 12

c - (u-,) = (9)

where d is the thickness of the flyer plate, x is the physical coordinate

of the point M, and U is the velocity of the shock fror.t. Because the

particle velocity, u, is known, the shock velocity, U, is determined

from the Hugoniot relations. Equations (8) and (9) are important links

between experimental observations and the theory.

The quantity dO/dp in Eq. (8) is the slope of the Hugoniot curve

from which the sound speed was obtained when calculations %ere done

with the method of characteristics. That is, it was assumed that tie

expansion adiabats coincided with the Hugoniot curve for those

calculations. This assumption is also made in most impedance mis-

match calculations, which are frequently used in obtaining data for the

Hugoniot. It is of interest to compare the elastic wave sound v'elocity,

ce . as given by Eq. (8) and the sound velocity from the Hugoniot. cH.

The ratio is

ce_

C ~ 314') (10)Y
L(O) - -J (10)

where dY/do should be evaluated at a point such as e on the upper

curve in Fig. I. This means that c is the speed of sound at the heade

of the elastic wave, say the line BM in Fig. 2. The derivative can be

evaluated by using Eqs. (3) and (4); the result is M/(I+Z M/31. For

the values of M given in Table 1, the derivative is small cornpared to

1.0. Equation (10) then gives a ratio of about 1.ZZ when V = 1/3, and

the ratio is independent of the shock strdngth.

Integration of Eq. (5) with the assumptions given above Ravs

9



Table I

VALAiS Or RTS FM CONeSTANT v
SR8 -STRAIN IKIATIONS FO AWIMINUM

Variwble Co•stant Fluid
Parameters Yield Model Yield Model Model

Y (ners) 0.0025 0.0026 0.0

x 0.065 0.0 0.0

p (g/cc) 2.765 2.785 2.765

A (m1as) 0.755 0.743 0.765

B (1bars) 1.29 1.74 1."6

C (Mtrs) 1,197 0.329 0.426

10



_ (Ye +Yf"Oe " f (I l ZY) el f

where the subscripts refer to the points e and f in Fig. 1 and Y is the

yield stress. For V = t/3, and if Y does not depend strongly on the

strain, the usual result

7e -Of = 4Y (1z)

is obtained.

The model described above has been used to calculate the stresses

induc.ed wnen an aLrmialuin plate hits an aluminum target. When the

velocity of the projectile is 0. 125 cm/gsec, the induced stress is about

110 kbar and the calculations compare favorably with experimental

results. Hence there is some validity to the rnoxlel. The re are, how-

ever, some objections to it. One is the fact that the yield, Y, cuntinu-

ally increases with the hydrostatic pressure. With a constant value of

V, the elastic wave amplitude then continues to increase, so that fluid

behavior is never approached. Another objection is the fact that G. the

shear modulus, also continues to increase as - VdP/dV or pdP/dp, so

that there is no approach to fluid behavior.

Some restIts ty-pical of those obtained with the constant V model

and the Q-code are givoe in Fig. 3. These results are for the case of

an aluminum projectile 0. lJZ-iach thick hitting a semi-infinite target.

The pressure versus distance profiles are given at intervals of I/2 /&sec

following projectile impact, The parameters given in column I of

Table I were used in the elastoplastic stress-strain relations. In

Fig. 3. the elastic -relief wave reduces the amplitude of the pressure

wave by about 30 kbar, Similar profiles of the particle velocity may

be obtained from the calculations. Figure 4 shows only the envelope

of such partitle velocity profiles, along with the results of the characc-

teristic code used with Eq. (1). Cotrparison of. the two sett#oi resuits

shows the early attenuation wbhh results when the elastoplastic stress -

strain retlions are used-. Experimental results from two previ*usly

reported experiments are included in the tfgure.

11
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Z. Variable Shear Modulus Model

It is not necessary to keep the value of Poissonb ratio constant.

If Y it permitted to increase with stress. G, the shear modulus changes

with stress in a different way from that used in the earlier calculations

(bee Eq. j6]). Better uaderstanding of the relations may result if -V is

elimiuated and G to retained. Hance from Eq. (5) the elastic sound

sjedis

c -o VIK4 G) ý NV (13)403,

where F is called the lonitudinal elastic modulus. Experiments *ibh

flyer plates give values of both c and V, So that F may be calculated.

If esperimeutal results are available at two or more stress levels, the

behavior of F with stress. or w.th strain, may be ascertained. It can

then be assumed that K : -V dP/dV as before, so that

C; -(F _K, 3 a + 14)

The quantity dP/dV is not knon, but because the stress. a. is knu*n

13



in each set of experiments, it can oe approxim.ted by daH /dV where

aH is on the upper, Gr Hugoniot, curve of Fig. 1. In this %ay the vari-

ables G. F, and K may be evaluated from knowledge of experimjentally

related values of p and c.

Comparison of the elastic and hydrodynamic sound speedb is done
2

as before by replacing the hydrostatic pressure with aH - Y so that

Eq. (13) becomes

2 dH Z dY 4 Gc ---- + - (15)
dp 3dp 30

Hence the ratio of sound speeds is

"• C + G 2 (16)

where the term involving G dominates the term containing Y for low

values of the stress. The results given in Section IV indicate that the

ratio is about 1.22 for a 110-kbar shock and about 1. 16 for a 340-kbar

shock. This variable ratio is a desirable feature of the new model. The

yield and the stear modulus could be made to vary in such a manner

that the ratio becomes 1. 0 at some stress. For the present, tempera-

ture is not included ecplicitly. Effects of temperature are implicit in

* the functional relationaships of Y and G to the density.

Equatios (11) now becomes

' a je (Y.+Yr)(K+G•Z. (17)

or by the use of Eq. (13).

Ye + (18)

,here K can be approzimated as expLained above. it was expected that

14



the experiments which give p and c for an elastic vave %uuld also

g.ve, at least approximately, values of (a e- af), so that the vaý lue of

(Ye+Yf) could be calculated. Once these values are known a•. say.

functions of the volume, Eq. (3) can be used to construct a tentative

hydrostat, and the process of calculating G and (Ye+Yf) can b,

repeated. Results of such a process are given in Section IV. In anlici-

pation ',f the discussion of the results it can be stated that the shear

modtuls does not appear to increase indefinitely, a desirable charac-

teristic of the model. Because the experiments fail to show a definite

separation of the elastic and plastic relief waves, the drop in stress

cause.d by the elastic relief wave is poorly determined. This means

that the variation of the yield stress with stress or strain is also poorly

determined.

Results obtained wits the Q-code when the variablt shear modu-

lus mode. wa,9 used are given in Section IV. Comparison with experi-

mental results shows that this model is also incz.pable of describing

the release .)f stress properly. The variation of both the shear modulus

and the yield stress is also discussed further in SeLtion IV.

3. Equation of State of Explosive Product Gases

The Q-code permits the calculation of the flow in a detouating

explosive by ,ise of the burn fraction described by Wilkins. 13 For the

calculations used here in the development of the high velocity flyer

plate, a polytropic equation of state was used ior the detonation product

gases:

P = (.Y-1)E/V (19)

where E is the internal energy and V is the specific volume. Values

of the parameters for both Composition B and for Du Pont sheet explos-

ive EL-506D are given in Table II.

15
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SECTION III

EXPERIMENTAL METHODS

Several new techniques were developed and used in accomplishing

the goals of the program. These include a method for accelerating

aluminum plates to a velocity of 0.33 mm/psec with an explosive arrange-.

mcnt'that permits the plate to be reasonably stress-free at the time of

impact on the target. In addition, a recording system was developed

that permits more accurate measurement of the initial jump-off velocity

of a free surface than could be achieved previously. Finally, attempts

were made to adapt a fluid-cell gage developed on another project 9 to

the measurement of particle-velocity profiles in aluminum; this effort

was not successful. Detailed descriptions of each of these methods

are presented below.

1. High Velocity Flyer Plates

Most of the previous Stanford Research Institute work on attenu-

ation of shock waves has used aluminum plates whose velocities were

about 0. 12 to 0. 13 cm/lsec. Impact by Lhese plates produces stresses

of about 110 kbars in aluminum targets. Some plates weic aMso thrown at

0. 19 cm/glsec; 5 later it was found that these plates were spalling.6

One of the tasks in the current effort was to lind a means of projecting

aluminum plates at higher velocity in a reliable manner. Such plates

would permit experimentation at higher stress levels so that, for ex-

ample, the behavior of the elastic moduli with pressure could be deduced.

The 0. 19 cm/Asec plates spalled partly because of the impedance

mismacch between the aluminum and the brass plate. This mismatch

had the useful effect that the aluminum separated from the brass to

produce a free flying plate. Balchan and Cowan14 had thrown plates

from a high impedance driver plate by putting a thin layer of a to%

17



impedance material, such as magnesium, between the two plates. This

method was tried using a 2-inch-thick charge of Comp B to drive a

sandwich of 0. 5-inch-thick brass, 0. 125-inch-thick magnesium (or

Plexiglas), and the 0. 125-inch-thick aluminum plate. The plates were

tested for spalling by causing them to impact Manganin wire gages. The

records showed the flat-topped wave profile characteristic of plate

impact. However, the pulse was not long enough in time, and a second

pulse closely followed the first. This was interpreted to mean that the

plates had spalled. When the magnesium or Plexiglas layers were re-

duced to about 1/16-inch thick, spalling was again observed.

It was proposed that the low impedance layer between the driver

and the flyer plates be replaced by explosive. This situation was inves-

tigated by the use of a computer code a.sing the artificial viscosity

method. It was soon apparent that the brass plate would have to be re-

placed with a softer materlal. When aluminum was used as the driver

plate, it moved into the thin layer of explosive at a velocity close to the

Chapman-Jouguet (C-J) particle velocity. The Q-code indicated that the

aluminum projectile plate might spall, apparently due to the release of

pressure from the back of the explosive charge--the Taylor wave. The

character of the relief from the back of the charge was changed rather

drastically by spacing the 2-inch-thick charge of Comp B 1.0 cm from

the 0. 5-inch-thick aluminum driver plate (see Fig. 5). The code indi-

cated that this arrangement produced a flyer plate that remained intact,

and that it had a velocity cf 0. 36 cm/psec. The assembly was checked

by doing an experiment using Du Pont Detasheet EL-506D, 0. 125-inch

thick. The Mangantin wire gage records showed that the plates were

not spalling and that the velocity of the plates was 0.32 cm/ossec.

In the attenuation studies the plates were allowed to move about

1.0 inch before impacting the targets. This permitted waves in the
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plate to reverberate about eight times, so that approximately stress-

free conditions were reached. The explosive gases continued to exert

some pressure on the back of the flyer plates. The acceleration due

to this residual pressure has not been measured. It might have been

desirable to let the plates move farther so that waves could attenuate
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farther and so that the gas pressure would decrease farther. However,

the plates were not flat and might have been changing shape. The

1. 0-inch travel was therefore a compromise.

Figure 6 shows some of the results of the calculations for the

flyer plate takeoff described above. In the figure, the positions of the
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surfaces of the two aluminum plates are given as functions of time.

The flyer plate velocity changes very little after the first microsecond.

The shapes of two p)ates are shown in Fig. 7. The plates wore origin-

ally 6 inches in diameter; their shape is inferred from a streak camera

record of the impact of the plates with flat glass targets. For one test.

the center of the plate arrived at the glass witness plate 0. 04 $sec

ahead of that part of the plate on a 4-inch diameter. For another test,
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the difference in arrival time was 0. 06/•~sec. These differences in

time correspond to & deformation of about 0. 005 to 0. 008 inch, respec -

tively, across a 4-inch plate.

2. Shim Technique for F~ree-_Surface Velocity M~easurements

The free-ourfaco velocity of a shock-loaded sample can be deter-

mined by several different methods. is One of the simplest is to record

the time of fligrht of the free surface across a gap. This method has the

disadvantage that it gives an average velocity in those cases in which

the shock is not a uniform shock. i. e. . the pressure profile is not

flat-topped. What~is wanted from the measurement is the velocity of

the surface at the instant of reflection of the shock wave. The
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measurement can be made more accurately if a thin shim is held in

contact with the specimen. Because the shim is made of the same

material as the specimen, it acquires the same velocity as its free

surface. If there is any attenuation of the shock, the surface of the

specimen is decelerated while the shim continues at uniform velocity.

Four samples of different thicknesses were used in each shot, as shown

in the plan view of Fig. 8. The figure shows the area of each sample

that was viewed by the camera through the slit and the reflections of

lines in the mask that covers the light source. A cross section of the

arrangement of the charge and samples is shown in Fig. 5.

For aluminum and copper, the reflectivity of the shim changes

sufficiently when it is accelerated by the shock so that the take-off can

be observed on the smear camera record (see lines A-A in Fig. 9).

The gap is defined by a mirror (which may be partially coated with gold)

set at a known distance from the original position of the shim. When

the shim collides with the mirror, another change of reflectivity occurs,

so the arrival can be observed in the record (lines B-B in Fig. 9). The

elastic precursor wave in as-received 2024-T351 aluminum does not

change the reflectivity of the shim sufficiently for the precursor to be

observed. The gap closure caused by the unobserved elastic wave

causes negligible error in the measurements When annealed Z0Z4-T351

aluminum specimens whose thickness was 0. 1U5 inch were hit by a flyer

plate of the same material (unannealed), the velocity as recorded by

the shims was essentially the same as the velocity of the projectile

plate. In this case the gap was about 0. 19 cm, so the shim was in

motion for about 1. 5 psec. During this time. relief waves from the

back of the projectile plate ovrtook the front surface of the specimen

and slowed it. The record (Fig. 9) shows the arrival of the shims at the

mirrors. lines B-B, and a fraction of a microsecond later the arrival

of the surface of the target, lines C-C. This illustrates the utility of
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the use of shims for the measurement of the free-surface velocit, of

aluminum specimens. The delay between the arrval of the shim ancl

the target surface at the mirror depends on the thickness of the target.

i. e. , on the amount the shock wave has attenuated.

In the past, targets in the shape of -wedges were used so that the

free-surface velocity cou.ld be obtained in one experiment for a range

of distances of -hock travel. The ortic.l lever arm technique was used

to record the motion of the free strface. One criticism of the technique

is that the shock is obliquely incident on tOe free surface so that the re-

flection o -the lock results in shear waves. The analysis is also some-

what complicated, requiring the differentiation of numerical data. If

truly flat flyer plates could be produced, differentiation of the data %ould

be greatly simplified and analysis of the streak ramera records would

be atraightforward. One, cf cbe reasons for the use of the sitim technique

in this proRrarm was to ch*.clt results obtained previotAsly with the optical

lever arm techniqw..

3. Fluid G&IM

A. Techniqae

••xk attenuation studies are cn-,:.erued *ith '"he pressure

or particle veloci-.y profile of the shock iaave as A changes with time in

various mtaterials. Previously the prrfile has been inforred w&tli the

use of Noth electrical gS&P aud measurmrients o; free-surface velocity.

Use of dh4 gages is 6tsirat]e ia generv.l bercuse. unlike free-surface

Sneasw'fnents, they V4e inorr-ation about the materia&I ihile the

pressure ii. the rmiterial it axubsantially above atmospheric. The de-

velopment of thee imer--ssd Mylar foal gage provides in principle a

means of aeasuring the shock profile in the liquid of the gage and also

to so=e aeat thb Profile in the driving uhetmunue.
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The gage is constructed by cementing a., aluminized Mylar foil

(0. CW025- to 0. S005- inch thick) between rings of lucite (see Fig. 10).

This cell is mounted on the material through which the shock will prop-

agate and is oriented so that the reflecting foil is• inclined to the speci-

men surface and hence the shock front at an angle a. The cell is covered

Aitl a thin glass cover and the fluid is added so that the foil is com-

pletely irnnersed.

TO CAA VONE U.AL To PM,)

Il
AL-P at LC IMM

CELL SOTJ L M I

f Ir 10 WATh CASE EXPEUO4TAL RME T

The fluid motiou behand the shock fraw imparts a velocity'to the

foil parallel to the shock front velocitW. As a resauit. the foil is bent

through an angle - toward the shock front. The relationship cf this

turning angle tc thet uid velocity xs discussed in Appendix 1.
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In practice, the optic axis is aligned perpendicular to the unturned

fo10 Small light sources are provided by placing a grid of alternately

opaque and transparent lines over an extended light source. The camera

photographs the images of these grid lines in the highly reflecting foil.

Figure 11 is an example ol the streak camera record obtained us-

ing this technique. As the shock moves into the reflecting foil, the foil

bends and the grid sources are then imaged in both the stationary and

the moving foil. This results in a jump of the trace on the film. The

magnitude of the jump and its relationship to the particle velocity in

the fluid are derived in Appendix I. The position of the displaced trace

is not only affected by the angle 0 through. which the foil has turned but

alsc' by the refractive index of the shocked fluid. This is because the

light rays are refracted as they pass twice through the shock front. Also

of importance is the velocity of the point of intersection between the foil

and the shock front. Its velocity depends on the shock velocity and the

foil angle and is indicated by the slanted line, AB, across the film

record.

The immersed foil gage can be utilized for several measurements,

among which are: peak shock pressure in the liquid; peak rhock pres-

sure in the driver; determination of the refractive index of the shocked

liquid; and observation of overtaking shocks and relief waves. It may

also be possible to interpret the motion of the grid lines after jump in

order to obtain inforrmiation about the shock profile as a function of time.

The peak shock pressure in the liquid can be determined provided

the refractive index is known. Since the foil is inclined, the pressure

can be measured as a function of depth in the liquid. The reduction of

the pertinent data is do-scribed in Appendix I.
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The peak shock pressure in the driver can be inferred with the

use of the cell if the wave is not attenuating. The peak pressure in the

fluid is calculated using measurements obtained in the fluid, and the

corresponding peak shock pressure in the driver is determined by im-

pedance matching. However, if the shock wave is not flat-topped, the

pressure measured at the foil will in general not be representative of

the peak pressure in the driver, since the peak pressure changes as the

front propagates through the liquid.

Analysis of the inclined foil record gives the pressure at the

several location3 of the jumped grid lines. Since the foil is inclined

with respect to the direction of shock propagation, the peak shock pres-

sure as a function of depth is obtained. With the use of large foils or

double f:ils (i. e., two foils per cell) the peak pressure can be measured

over considerable depth in the liquid. This information is relevant to

the attenuation characteristics of the fluid.

In Fig. 11 it can be noted that the grid traces are visible after

they have jumped. Since the foil moves with the fluid velocity, the mo-

tion of the displaced grid lines should indicate the motion of the fluid

after the shock front has passed over the foil. In principle, the gage is

theti capable of providiag information not only about the peak shock pres-

sure but also about a portion of the relief. This type of information--

i.z., pulse shape in the liquid as a function of time and depth--can then

serve as a check of computer calculations of the shock flow in the fluid

and in the metal cell bottom.

The refractive index is known to depend on the density and, less

importantly, on the temperature of a liquid. The gage can be employed

to determine the refractive index of shocked fiquids. In fact, a knowl-

edge of the refractive, index is necessary before any of the shock flow

parameters can be obtained with this device.
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The liquid cell can also be designed so that disturbances overtak-

ing the shock from the rear can be observed with the inclined foil

arrangement. The propagation of shocks or relief waves is indicated

by additional motions of the displaced traces. In the case of overtaking

shocks, the grid lines jump a second time as the shock passes over the'

foil, and the motion of the second shock front is indicated by another

slant line on the film.

Figure 11 is a record obtained when a rarefaction moves over the

foil after the initial shock front passage. The grid lines are displaced

back towards their original position, along the line CD, indicating a de-

crease in particle velocity. Reduction of such foil data yields the relief

wave velocity and the change in the particle velocity.

Consider, for example, the measurement of the relief wave veloc-

ity in the driver using this technique. Let the shock in the driver be

produced with a flying plate of the same material. The shock propagates

into the driver and then into the liquid cell where foil motion is observed.

The backward-facing shock produced at impact is reflected at the rear

of the flyer plate and becomes a forward-facing rarefaction fan. Figure

12 is a time-distance diagram illustrating the wave trajectories. The

thickness of the cell bottom or driver, the foil angle, and depth are

chosen so that the head of the rarefaction wave will overtake the forward-

facing shock front when it is still interacting with the foil. Measuring

the depth at which the relief wave overtakes the shock locates the point

P in Fig. 12. The foil analysis gives the particle velocity, sound speed,

and shock velocity in the fluid so that segments OP, OS, and SP can be

drawn. The points A and B can be located with a knowledge of the shock

velocity in the driver. The minimum relief wave velocity is now just

the slope of a straight line segment from B to 0. The absolute magni-

tude can be computed only if the sound velocity in the driver is known in

the triangular region COS. By using thicker cell bottoms, the error in
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the initial elastic sound speed due to the uncertainty in the sound veloc-!

ity along segment CO can be reduced. However, since the elastic relief

wave must be observed in the fluid cell before overtaking the shock front,

a maximum driver thickness exists.

Several problems have been 2ncountered in the application of

the immersed foil gage. First, the use of an evacuated region between

the flyer and driver results in bowing of the driver somewhat, depend-

ing on its construction. The result is that, upon flying plate impact, a

nonplanar shock is produced in the driver. Since the analysis is one-

dimnenuional, such a three-dimensional 0ockwave is undvsiradle.

31



Another problem exists when studying attenuation shocks with a

gage made of a material of lower shock impedance than the specimen to

which the gage is attached. The interaction of the rarefaction fan that

that is reflected back into the specimen at the specimen-liquid interface

(CS in Fig. 12) and the forward facing rarefactions in the attenuating

input wave may cause the specimen to spall. Therefore, the useful

observation time of the initial wave in the fluid cell is limited by the

arrival of the spall signal.

b. Results

Water was used in the immersed foil gage experiments per-

formed on this project because of the amount of equation of state

data available. The gages were mounted as shown in Fig. 10 for the

flying plate experiments. The cell bottom was either annealed or

hardened 2024 aluminum. The flying plate assemblies were similar to

the ones used for the low velocity attenuation experiments.

Two experiments were conducted where the annealed aluminum

cell bottoms were 0. 080-inch thick and the aluminum flying plates were

also 0. 080-inch thick. The plates reached a velocity of 0. 133 cm/Asec.

Figure II is an example of the photographic record obtained. The shock

wave that intersected the immersed foil in this shot was flat-topped, i.e.,

the reflected r-1ief had not yet overtaken the shock front. Th, locus of

trace end-points, line AB, would be a straight line if the shock velocity

were constant and the wave were plane. However, due to the bowing

of the cell bottom when the flying plate chamber was evacuated, the

center of the cell base was impacted by the flyer before the edges and

a curved shock front propagated into the water. The curved line from

A to B is the result of this nonplanar shock.

Notice that the traces along the line CD began to move toward

their original position. This trace motion indicates the propagation of
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a rarefaction wave thtro•ugh the water. It relieved the pressure rapidly

at first and then more slowly. The initial decrease in fluid particle

velocity corresponded to the arrival of the relief wave originating when

the left--facing shock in the flyer reflected from the rear of the flying

plate.

It was hoped that the trace records after jump wou!l yield more

information on the shock profile as a function of time. However, due to

the uncertainties caused by the curved shock and the indefinite motion

of the traces, the additional pulse shape information has not yet been

deduced from the data. Calculations based on this experimental

arrangement indicate that the cell bottom will spall.. The recording

times in the experiment were long enough to observe the spall signal

but it has not been identified.

Shot 11,253 involved the use of a water gage in which two reflect-

ing Mýiar foils were mounted one above the other. The 1/8-inch flying

plate impacted a 1/8-inch annealed 2024 aluminum cell bottom at 0. 127

cm/psec. The additional bottom thickness somewhat reduced the curva-

ture of the shock front. The record also indicates the motion of the re-

lief waves into the cell. The depth at which the relief overtook the

shock front was 0. 313 inch in the water.

As discussed earlier, a measurement of the relief wave velocity

in the aluminum cell bottom can be made more precisely if the cell

bottom is thicker but not so thick that the relief wave BC overtakes the

shock front in the aluminum rather than in the water. Shot 11,762 was

conducted in order to measure the initial relief wave velocity in 2024-

T351 aluminum. Figure 12 is the corresponding time-distance diagram.

The 1/8-inch flying plate acquired a velocity 0. 128 A 0. 02 cm/lssec

and impacted the 0. 507-inch-thick aluminum cell bottom. Calculations

based on the experimental results indicate a minimum initial relief
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wave velocity at 110 kbars in the aluminum of 0.77 cm/Isec. The actual

velocity must be greater than this because the sound speed in the region

COS, which is already somewhat relieved, is less than the initial re-

lief wave velocity in the fully stressed material.

A calculation was performed using the constant Poisson's ratio

elastoplastic theory to determine the sound speed in the region COS of

Fig. 12. It was assumed that the head of the rplief disturbance moved

through a uniform region along OC where the stress was 35 kbars. The

resulting sound speed was 0. 553 cm/ossec. Employing this value to cal-

culate the elastic sound speed along BC gave cel = 0. 81 cm/Asec, which

is in excellent agreement with the 0. 80 cm/psec obtained by measuring

the free-surface velocity of aluminum samples as described later.
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SECTION IV

EXPERIMENTAL FFSULTS

1. Aluminum (Low Velocity Flyer Plates)

Results of experiments in which both the flyer plates znd the tar-

get plates were as-received Z024-T351 aluminum are shown ini Fig. 13,

where half the free-surface velocity is shown as a function of the thick-

ness of the target. The data are plotted in this way to facilitate compari-

son with calculated results. Target thicknesses are given in multiples

0.07 1 1 1 1 1

0.06 0K1 '0

.0 1 K CELAST!PLASTFC MODEL
A0C T (CONSTANT P)

SHO

0 '6-93
A iI,6*4

% 0 11.4"4

0.04A
0 2 4 4 a 00 it 14 Is Is to 22

ElK.

FIG. 13 PEAK PARTICLE VELOCITY vs. SHOCK TRAVEL %1x/x0) FOR 2024-T351
ALUMINUM IMPACTED AT 0.12S cm/psec

of the flyer plate thickness, x 0, which for the experiments reported

here was 0. 125 inch. Two separate experiments gave particle veloc-

ities of 0.0615 cmijasec for xix 021. i.e..* the free-surface velocity
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was 0. 123 crn/;iuec when the targets were 0. 125-inch thick. This

agrees well with the flyer plate velocity, which ranged from 0. 124 to

0. 126 cm/psec.

Comparison of the experimental and calculated results shows

that the two agree fairly well as to the point at which attenuation begins,

approximately 5. 5 plate thicknesses. Closer agreement can be obtained

by using a smaller increment in the calculations. For the results pre-

sented here, 20 increments were used for each plate thickness (0. 32 cm).

The curve for the computed results shows a flat portion at seven to nine

plate thicknesses. The experimental results show no tendency for the

curve to become flat. This continuous decrease of the particle veloc-

ity in the experimental results forces a revision uf the stress-strain

idations used in the computational model.

Results obtained previous to this project for ZOZ4-T4 annealed

aluminum are given in Fig. 14 along with the results shown in Fig. 13.

Results of Shot 10. Z27 agree well with the new data, while those of

Shot 10,354 do not. It is probable that the flying plate velocity was

somewhat higher in Shot 10, 354 than in Shot 10. 227 and the plate veloc-

ity experiments.

However, the results at eight and nine plate thicknesse* for

Shot 10.354 show that the decay rate of peak pressure with distance was

almost zero, as was also observed in earlier experimentsS Preference

in this situation is given to the new data which give uc evidence of a

plateau. The comparison indicates that saneating Z024 aluminum makes

no measurable difference in the target thick~tess at which attenuation

commences. The difference in behavior at eight and nine piate thick-

nesses could possibly be due to the use oi annealed aluminum in th-,
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earlier study o. to the use of diifcreil teaniqu, for x..,:asuri-g the

free-surface velocity.

Results of at•tnuation expwri-nents using. auirlaled 1060 alrminirvm

are given in Fig. IS for botlh the curren- a&td the eý6 •i- 4hots. if the

Point for which x/x = 1 and the particle ve.oit- .4 4,) 0-685S is -gnored.
0

the average particle velocity in the ;b,'-ce tof attenuation was about

0.0635 cm/psec (using only the nev •ata). That is, th- aver3ge sh:in

velocity was about 0. 127 cmlpsa.-. 7" "lociryol the 1060

plate was about 0. 126 a 0.001 -.cm,-.e. for zMe mvew cxperiments

Hen~ce the higher particlt volocity o thin 1060 alw-Jnurn targets as

compared vith Z024 targets (Figs, 13 ar.d 14) ir at le.s, partly due to

the fact that the 1060 flyer plattes acqu;red greater -.elocity than did

the ZOZ4 flyer plate*. AttenwAtion stat,- at about six plate thickntsses

in 1060 alwiiinum.
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The results of the new stfidy of 1060 al& •imu- s5h-zm some indi-

cation of a 11at teg:on at sever and eight plat-, iticktesses similar to

the flat part n(f tn calculated curve. The sarre trend is evident in the

restuls of the earlier Shm '0, 353, which hod a t4gaer flying plate

velocity than Shot 10. ZZ6.

The value of the stress relief byi'vided b the elastic wave,

(0u -•}) t Section U. -s nt• obtainable f(rom the data for either 1060 or

ZOZ4 alumninumn in a "reliable way. As sbown in Section 71. the v-,Ale of

to0-of) its nectws.ry for a dote nminaiOct rI the yield ai"ength when the

elastopýazxic equation of state . asasunmd. Figuit 14 giyes an indication

that th* detrease in partcle velocity may be abomi. 0. 009 cm''sec, cor-

responding to a drop in peak shock strongth of Z5 kbars. The data I';r
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the 1060 aluminum give a more definite indication of a plateau in the

plo'L and hence a more reliable value or the decrease in stress (a.-af).

The value appears to be 10 kbars.

Table III gives the comnplete results for all attenuation experi-

ments performed during the current program. The data for the low

velocity plate slap experiments on aluminum as well as the high velocity

experiments with Teflon and aluminum are presented.

2. 2024-T351 Aluminum (High Velocity Flyer Plates)

Txio experimen'.s were performed with 2024-T351 aluminum in

the as-received condition for which the flyer plate velocity was about

0.32 cm/pse:. This velocity corresponds to a pressure of about 345

kbars in aluminum. Results of the shots are given in Fig. 16 along

with the calculated cui-ves usLig a fluid-type equation of state and the

constant Poisson's ratio elastoplastic model. The average shim veloc-

ity in Shot 11,824 for specimen thicknesses out to 4. 1 plate thicknesses

is 0.324 cm/psec. The projectile velocity for the shot was 0.316 ±

0.005 cm/psec. Hence the free-surface velocity appears to be slightly

greater than the velocity of the flyer plate. The calculations were

done using a velocity of 0.33 cm/ipsec. Shot 11,861 shows that the

particle velocity has been reduced below that predicted by the fluid

model, but nAt as much as predicted by the elastoplastic model. The

attenuation started between 4. 1 and 5.2 plate thicknesses, implying a

sound speed of about 0 93 cm/$sec behind the shock front. The data

indicate that the attenuation of stress is about 65 kbars, and there is

no assurance that this is due entirely to the elastic wave.

3. Pressure Dependence of Shear Modulus and Yield Stress of
2024-T351 Aluminum

The speed of the head of the elastic relief wave car. be determined

by locat:iig the point at which it overtakes the shock front, point M in
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FIG. 16 PEAK PARTICLE VELOCITY vs. SHOCK TRAVEL (x/x0) FOR 2024-T351
ALUMINUM IMPACTED AT 0.33 cm/psec

Fig. 2. 1 This point corresponds to the target thickness at which the

peak particle velocity first begins to drop, as shown in Figs. 13 through

16. There are other methods for determining the relief wave velocity.

Al'tshuler et al. describe a "lateral-relaxation" method and an

"overtaking-relaxation" method, the latter being similar to the tech-

nique described above. Still another is based on the analysis of the

fluid gage records (Section 111-3). Both the overtake and fluid gage

methods were used in the experiments in which the lower velocity plates

impacted 20Z4 aluminum targets. Fluid gages were not used with

higher velocity plates or with 1060 aluminum targets.

From the measured elastic wave speeds and associated free-

surface velocities, together with independent Hugoniot equation of state

measurements, values of the elastic shear modulus, G, can be derived

43



as shown in Section II. These values and other quantities derived from

the experiments are listed in Table IV.

The elastoplastic model as currently formulated predicts !ri initial

separation of the elastic and plastic relief waves with a relatively con-

stant region between them. This separation should show up as a step in

the decay curve as indicated by the theoretical curves of Figs. 13

through 16. The drop in particle velocity to the step is a measure of

the yield strength of the shocked state. The data, however do not

clearly show such a step except possibly for 1060 aluminum (Fig. 15),

and one shot (No. 10, 354) on annealed 2024-T351 aluminum (Fig. 14).

Consequently, values for the yield strength [ more exactly (ce - cf)]

that are clearly reliable cannot be directly obtained,

It should be noted, however, that within the context of the theoret-

ical model assumed, all parameters except the yield strength are deter-

mined directly from experiment (including G), Consequently, to the

extent that the model is correct an effective value for Y can be deduced

by trial and error by requiring agreement between the calculated and

the measured decay curves.

Values of G and (Ye+Yf) determined from the experiments are

shown as functions of the specific volume in Fig. 17. The zero stress

value of G, 0. 287 Mbar, and the approximate value of Y. 0 0. 0025

Mbar, are also shown in +he figure. The possible errors in the data at

the high stress point are so large that no conclusive inferences can be

drawn about functional relationships. However, several relationships

can be assumed that are consistent with the data; these permit calcu-

lations of shock decay to be made that can be usefully compared with

experimental attenuation data.

The functions chosen for an initial trial comrparison of theory and

experiment are the curves labeled I in Fig. 17. The shear modulus
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Table IV

VALUES OF EXPERIMENTAL PARAMETERS
FOR 2024-T351 ALUMINUM

Flyer Plate
- Velocity (cm/psec)

Parameters 0.125 0.33

Peak stress (Mbars) 0.110 0.345
Sound speed, c(cm/psec)* 0.80 + 0.02 0.93 ± 0.05
Sound speed, c(cm/p.sec) t 0.81 --

G (Mbars) 0.54 * 0.07 0. 59 E 0.25

K (Mbars) 1.27 2.28
a - af (Mbars) 0.025 0.065
Ye + Yf (Mbars) 0.013 + 0.008 0.025 ± 0.0C8
Coordinate of point M, Fig. 2 5.5 4.5
Flyer plate thicknesses (cm) 0.32(nominal) 0.32(nominal)

* Aluminwn free-surface velocity vs depth measurements.
t Immerbed foll water gage measurement.
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FIG. 17 SHEAR MODULUS, G, AND YIELD STRESS, Y, vs SPECIFIC VOLUME, V

i a specified by (Fig. 17a)

G = 0. 287 + Z.99 m - 6.88 11 (20)

where V= V0 /V - I and the yidd strength by (Fig. 17b)

Y = 0.0025 + 0.04071p - 0.0432g.I (21)
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The hydrostat is then given by

P = 0.764gp+ 1. 37a+ 1.103u. (21)

The curves labeled II and III are modifications of the above equa-

tions chosen in an attempt to improve the fit over that given by curves I.

These are primarily alternative functions for the yield strength, since

it is subject to the largest experimental uncertainty. A weak coupling

between the shear modulus and the yield 3trength exists for a given

hydrostat; this coupling is the source of the differences in curves I, II,

and II of Fig. 17a.

Note that the functions for G exhibit a maximum value near

0. 217 (V = 0. 295 cc/g). The corresponding pressure is about 250

kbar. It would be of considerable interest to better determine experi-

mentally whether the shear modulus possesses such a maximum along

the Hugoniot curve, since this would indicate a trend toward true fluid

behavior.

4. Flow Calculations for 2024-T351 Aluminum

Results of flow calculations using the assumptions mentioned

above are given in Fig. 18 for the lower velocity impact case, and in

Fig. 19 for the higher velocity case. The a, b, and c portions of each

figure refer to the fits designated as I, U[, and III of the preceding

section.

For lower impact velocities, fit I (Fig. 18a) shows reasonable

agreement but exhibits a stepwise decrease in particle velocity that is

not evident in the data. At higher velocities (Fig. 19a) this fit com-

pares favorably at five plate thicknesses but falls off too quickly

thereafter.

Fit 11 shows less of a step in the decay curve for lo%%er velocity

impact, but falls off too slowly at the greater target thicknesses (Fig.

18b). The agreement for higher impact velocity is quite good (Fig. 19b).
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The effect of increasing the number of cells in the calculations

is shown by the curve .abeled "40" in Fig. 18b. In this calculation the

flyer plate was zoned to contain 40 celis rather than 20 as used in all

the other calculations. It may be noted that the elastic sound speed

(0. 8 cm/lisec, Table IV) was determined by using the experimental

value of 5. 5 plate thicknesses for the depth at which 'he rarefaction

overtakes the shock front. Zoning the flyer platb with only 20 cells

places the apparent point of overtaking at xlx0 = 4. 5; with 40 cells this

point moves to x/x 0 = 5.0. Presumably, convergence to the value S. S

would occur with increasingly fine zoning.

The fit siown as curve III in Fig. 17 clearly gives the least satis-

factory fit to the decay curves, as shown in Figs. 18c and 19c.

The results of these attempts to fit the decay curves indicate that

the elastoplastic theory as formulated is probably oversimplified. No

step in the dec.ay curves can be clearly identified, at least for 2-24-T351

aluminum. This implies that there is no pronounced separation of the

elastic and plastic rarefaction waves.

The most likely explanation for this difference is that 4 Bauschinger

effect tends to spread the elastic rarefaction so that it merges with the

following plastic wave. .uBchinrger effects have been observed in plane

shock waves at much lower pressures.

5. Teflon

The attenuation experiments on Teflon* were conducted using

thin (0.0008-inch) alumniznted Teflon shims to measure the initial free-

surface velocity. The samples were arranged in the ;&ame manner as

STeflon manufactured by AVCO Corporation. Wilmington. Mass.
Mean density. Z. 195 g/cc.
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the •lunxa samples described in Section Ill and were impacted by a

1i.-iach aluminum flying plate. The photographic record for Shot

It, 864 is shown in Fig. Z0.

The four Teflon samples were of different thicknesses, corres-

ponding to multiples of flyer plate thicknesses of 2. 1, 4. 1, 6. 1, and

8.2. In Fig. 20, the line AA represents the time at which the shim

first moved. Line BB indicates the shim axrival at the cover glass

after having crossed a 0.48-cm gap. The third event at CC is inter-

preted as the arrival of the surface of the Teflon sample as was done

earlier for aluminum (Fig. 9). The presence of the second arrivi

indicates that the Teflon also had a tensile strength after being shocked.

The results of the fre-e-surface velocity measurements appear in

Table III. The flying plate v, odty was 0. 315 * 0. 010 cm/psec. A

graphical impedance solution indicated that the peak indcced particle

velocity in the Teflon was 0. 191 * 0.005 cm/asec. The rorresp-nding

pressr- -:azý fZ0 kbars, 17

Note that h.- thinnest sample was only two flyer plate thicknes,,

The free-surface veloc&ty measured at tf-%U depth was 0. 439 * 0. 004

cm//lsec. T.us may or may not represent the peak stress in the T,ýfon,

for there is no assurance that the shock front had not begun to attenu-

ate by Zx.ý . -owever, a time-distance diagrarm shov. s that the rare-

faction wave from the rear of the flyer plate would have had l,, have a.i

almost infinite vvlocity in order to overtake the shock front by -x6

A more reasonable rarefaction Wave velocity predicts the initial attenu-

ation to occur somewhat deeper than Zx .

Considering free-surface velocity of the thinnest sample to repre-

sent the amplitude of the unattenuated incident shock, it is seen at once

that the free-surface approximation, i. e. up a iufs. is a poor one in

thWs experiment, One half of iA is 0.ZZ cm/paec. whereas the induced

particle velocity was 0. 198 cm/jMscc
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A computer calculation was performed for a 1/8-inch aluminum

plate impacting Teflon at 0. 32 cm/Msec. The results of this calculation

are shown in Fig. 21. The constant Poisson's ratio equation of state

for aluminum was used with M = 0. 055 (see Section II), The Teflon

Hugoniot was represented by

PR = 0. 112 At+ 0.491 p2 + 0 . 2 4 8 1 3, (22)

the data being obtained from Netherwood.is

030 v... I-

S0.20
'I

CALCULATED

w

J

S010

0 1 2 3 4 5 6 7 8 9 10
X/Xo

FIG. 21 CALCULATED AND EXPERIMENTAL RESULTS FOR 0.31-cm ALUMINUM PLATE
IMPACTING TEFLON (Experimental values ore 1/2 uf, as measured in Shot 11,864)
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The sound speed in the Teflon was then obtained from

C = /dPH/dp (Z 3)

where PH is the pressure along the Hugoniot.

The experimental pointR plotted in Fig. ZI are one-half the

measured free-surface velocities. These show strikingly good agree-

ment with the theoretical curve, but to some extent the agreement is

fortuitous because the free-surface approximation is inaccurate.

Nevertheless, no pronounced elastoplastic effects are evident and it

appears that the fluid model may be adequate. More information on the

complete P-V-E equation of state for TefLlon would permit a more criti-

cal evaluation of the fluid model to be made.
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SECTION V

CONCLUSIONS

Shock wave attenuation data are presented for aluminum of types

2024-T351 and 1060, and for Teflon. The shock waves were produced

by impact of aluminum flyer plates accelerated explosively to velocities

of 0. 125 cm/gsec and 0.33 cm/psec. Corresponding peak pressures

in aluminum were 110 and 345 kbar, respectively. Free-surface

velocities were measured for varying target thickness by observing

with a streak camera the time of flight of a thin shim across a known

gap. This technique gave higher precision than techniques employed

previously.
6 , ', 7

Reasonably accurate measurements of the elastic sound speeds

of the shocked states were obtained for 2024-T351 aluminum; these per-

mit valuss of the elastic shear modulus to be obtained.

Attempts to measure a complete particle-velocity profile by

means of a fluid gage were not successful. Serious complications in

the analysis of the experiments were introduced by changes of the re-

fractive index with pressure and by possible spallation near the speci-

men surface. However, an independent measurement of the elastic

sound speed was obtained at a pressure -j It0 kbar in £04-T3SI

aluminum that agrees very well with that deduced from free-surface

measurements,

The data generated on Z024-T351 aluminum during the report

period do not show a stepwise decrease in the free-surface velocity as

predicted by the elastoplastic model with a von Mises (or Coulomb)

yield criterion. Instead, the decay of peak velocity js continuous, im-

plying that there is no distinct separation of elastic and plastic release

waves. Earlier experiments with Manganin wire gages and optical



wedges showed similar behaviors' ' but the evidence was not regarded

as conclusive at that time.

The lack of separation of elastic and plastic relief wavb is un-

fortunate since the stress relief due to the elastic wave is a measure of

the yield strength under shock conditions, but it cannot be clearly

identified in the data. The most probable explanation is that a Bauschin-

ger effect tends to spread the elastic relief wave. This ef.fct has been

observed at lower pressures. 3

The case for annealed 1060 aiuminum is less clear. The data

appear to show a step region, but more data, from thicker targets, are

needed to establish its behavior.

An important result is that a significant difference is observed in

the behavior of 20Z4-T351 and 1060 aluminum. The 1060 is clearly

more fluid-like at high pressure, Thus a correlation is observed be-

tween the zero pressure and high pressure yield strengths.

The experimental results for Teflon agree reasonably well with

predictions assuming fluid behavior; no pronounced elastoplastic effects

are observed. The agreement shown is evidently partially fortuitous,

however, since an assumption invoked in the data reduction is not cum-

pletely accurate. * More information on the complete P-V-E equation

of state ior Teflon would permit a more definitive appraisal of the

accuracy of the fluid model.

The computed shock particle velocities are compared with one-hlf
the measured freersurface velocities. This procedure is valid
only where entropy can be neglected in the equation of state and
material rigidity can be neglected. For Teflon the results indicate
that this "doubling approximation" is not accurate.
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DEFINITION OF SYMBOLS
IN APPENDIX I

n Index of refraction of unshocked liquid

n2 Index of refraction of shocked liquid

X Displacement of grid image in object space

4 Angle through which the foil is turned by shock

a Angle between the shock front and the unturned foil

d Distance of the grid from the glass cover on the fluid cell

s Distance from the glass cover to the Mylar foil "n the fluid cell

U p Particle velocity in the shocked fluid

q0 "Apparent velocity"-.the velocity of the point of intersection
of the shock and foil

UL Shock velocity in the fluid

P1I Initial density of the fluid

PZ Shocked density of the fluid

J Displacement of grid line as measured on the film reader
(jump in image space)

Rs Shot reduction factor w ratio of distance on the film reader to
distance at the shot

D Effective standoff distance, nId + s
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APPENDIX I

IMMERSED FOIL ANALYSIS

The cell containing the inclined aluminized Mylar foil is

mounted directly on the driving material in which a shock is induc(ed.

The fluid is added to immerse the foil completely. Small holes in the

foil insure that the hydrostatic pressure is the same on both sides of

the foil; this is necessary because any bowing of the foil changes the

reflecting surface from plane to spherical, *' invalidating the followv-

ing analysis. The light source and grid are arranged so that the streak

camera views the images of the grid sources in the immersed foil

(Fig. 22). The angle between the normal to the foil and the optic plane

is assumed in all that follows to be so near zero that it can be neglected.

SHOCK FRONT
REFLFCTING FOIL

PLATE GLASS--"U

GRID LIGHT

SOURCES

'rr
~TO0

CAMERA oeDIE

FIG. 22 SCHEMATIC VIEW OF IMMERSED FOIL GAGE (The angle betw
the shock front sewd " foil is 0, Ond rho (oil isa turned thrvou an engl* 11.
"I . fhe initial index of reofection ond na is the shocked reoroction indes.)
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As the shock propagates into the liquid, it passes over the

foil and imparts to it a velocity in the direction of the shock velocity.

Because of the small thickness of the foil, the velocity of the foil

soon becomes equal to the particle velocity of the shocked liquid.

The effect of the moving, bent foil is to displace tie ijnages of the

grid sources. As shown in Fig. 22, the new images are displaced

toward the portion of the foil previously shocked. The displacement

of the grid image along the direction parallel to the slit is called the

jump, and is denoted as X .

Figure II is a streak camera record obtained with the use of

an immersed foil cell. The shock entered the gage and was first

detected at A . As the shock moved through the liquid, it3 intersection

with the foil was indicated by the successive terminations of the origi-

nal grid traces and the appearance of the displaced traces. This locus

of end points is along the line AB. The original and displaced positions

of Line II are denoted in the figure. This line displacement as recorded

by the camera is proportional to the jump, X. Also note that the dis-

placed grid sources are nearer to the driver specimenthan the originals.

There is also an interval of time when both the original and displaced

images are photographed by the camera. This occurs becausz the dis-

placed image can be observed in the turned foil prior to the arrival of

the shock at the original position.

Figure 23 is a schematic of the shock front, turned

,,yslar f1-, and the flth' cell cover. TaUc ray trom the grid source is

refracted at the top of the cell, again at the shc..k front, and is then

reflected off the Mylar foil back through the shock to emerge parallel

to the opti4. plane. The distance the ernerging ray is displaced from

the original grid position is the jump X (the camera is considered to

be effectively at infinity). Referring to the figure. it is evident that

the jump can be written ,s #
I

X dtanf + a tan 6 s 0+tan(a- c)-tan(z -a)&I 24)
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FIG. 23 SCHEMATIC OF RELATON BETWEEN SMOCK FPONT
AND FLUID CELL COMPOENTS
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Write Snell's Law or each refraction

sinf =n I sin 6

n sine zn sinc ,(

n I in cin 2 sina

and, by consideration of tht, geometry, woý can write:

b -a +a (16)

c 0- - b

We wish to obtain a relat.unship bet-. een the turning angle 0
the shock angle a . and the jump X -Note that when a displaced grid
image is first seen izz the turned foil, the depth of the shocked fluid
be'-ween the foil and the shock is much less than the depth of 4znshocked
flu-1 between the shock and the cell cover ;glass. so that the error
introduced by rerfircing a, 4~y s is small. It is also assumed 'that
,he shocked index is a c-ustant in the region 6etween the shock front
and the turned foil and that acan he negle Icted. Then Eq. (Z4) becm-m.es

Using Eq*. (25) and (26)

~? .- c~nf is sinz*. Z~ + ac sit um 1' (9)
CLLatin Z /1)

W-,- 6 is sutbstitsuteA in E4. (28) there rtsut.s the des ".1emptr, a ion
r'atit4 X , ~ aZ



The shock moving through the fluid imparts a particle velocity,

up , to the fluid which is parallel to the shock velocity, Us . Since

the foil moves with the fluid, Fig. Z4 can be constructed where q. is

the apparent velocity, a. is the angle between the shock and original

foil, and 6 is the angle through which the foil turns. From the geom-

etry of the figure we write

sin _ cos(.-S) (30)
Uq0

and U

sina -. - (31)
q0

SHOCK FRONT

G4 •,Q -ow
0q 0

FIG. 24 RELATIONSHIP BETWEEN SHOCK VELOCITY U,,
FLUID PARTICLE VELOCITY a, APPARENT
VELOCITY q-o, SHOCK ANGLE ax, AND TURNING ANGLE
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The set of equations(28-31) jives the relationships among the

parameters that describe the interaction of the shock with the liquid

and the foil. The apparent velocity q0 and the jump X are both

obtained from an analysis of the experimental film record, while the

grid positions and cell dimensions are measured during assembly. It

is then nossible to determine either the particle velocity or the re-

fractive index. if a kr.owledge of the refractive index in desired, then

the fluid particle velocity must be inferred by an independent measure-

ment; likewise, when using the technique to determine particle velocity,

the refractive index must be known as a function of the shock state

paramecers.

1. Small Angle Apprnx" -ation

When an ex;perizn•enf is perfornner, in which the angles of interest

in the foil analvsib are smail, i.e., Rin e - tangent 0 e, the follow-

ing equations are applicable,

X I-- id+s)5

- 2a - + 2a ] 2 (32)

and

u p =qo0 (33)

U
8 -2 (34)

q0

Combining Zqs. (32), (331, and (34)

uI =, q 0X
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It has been found, 6 ' 19 that Zhe dependence of refractive index

upon density is very nearly linear for some liquids.

n2 = nI +k (p 1 (36)

From one-dimensional shock theory

So --- (37)s €)2

Using Eqs. (36) and (37), Eq. (35) becomes

U q0X / Z(nld + s) () (38)

Therefore in an experiment either up or k = dn/dp may, be deter-
mined. When the dependence of n 2 on the shock prameters is not

known, then the Hugoniot must be known to determine r.2 . Along the

Hugoniot, up = up(U ), an.! Eq. (35) may be solved for n2 z n2 (Up,
q0 . X, etc. ). The particle velocity must then be determined by an

independent means. In the shots where the flying plat( velocity was

measured, the particle velocity in the aluminum- driver was known and

the particle velocity in the fluid was found by imnpedance mismatching.

The refractive index could then be calculated fo., zhe initial unatten-

uated shock. The dependence of the refractive iadex on density was

assumed to be linear, so that the particle velec'ty could then be inferred

after the shock had begun to &ttenuate. In experiments where the shocks

were attenuating over the whole region of measurement, the previously

determined refractive index function was employed.

2. Large Angle AnalysiLs

When the angles associated with the foil cell are large, so Lhat
the approximations of the previous section cannot be use'4 , the working
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equations are

X II dsin6 (l- n 2sin 2 ) +satan 6 (28)

6a - -arcin n sin .sin (29)

Up = q0 sins/cos (L -0) (30)

a z arcsin(Us/q 0 ) (31)

Now define

Z y arcsin ;_ sin + arcsln[- sin (a - 6 (39)

So Eq. (30) becomes

u q !khXa- -Z) (40)
Up q0 cos z

With a knowledge of refractive index and Hugoniot equation of state

these equations can be solved to yield the particle velocity in terms

of the apparent velocity and the grid line jump.

The experiments which employed large foil angles were designed

so as to measure particle velocity over a substantial depth range in

water. The calibration of refractive index wa° done with smaller angle

foils and the results were applied to the large angle experiments. The

relation

n2 =nI +k (p2 " PI) (41)

was assumed to be sufficient. Using Eq. (37), Eq. (41) can be written

n2  nI + k p I(upl/Us Up) (42)
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Water was the only fluid used and the equation of state was that of Rice

and Walsh 20

U 1.483 + 25. 3061og [ 1 + u /5. 1901 (43)

where U and up have units of mm/gsec.

In order to obtain a solution to the set of equations above, a

computer program was developed. The program solved Eq. (28) by

an iterative process in order to find 6. Then by choosing a value for

Up it calculated in turn Us, n2 , cx, and z and compared the result

of Eq. (40) with the initially chosen particle velocity. This process

was repeated until the percent difference between the chosen and cal-

calated particle velocity was less than 0. 1 percent.

3. Film Record Reduction

Two quantities of interest are obtained from the photographic

record: (1) the grid jump and (2) the velocity of the shock-foil inter-

section, i.e., the apparent velocity (see Fig. 11).

The jump is determined by measuring the distance on the film

that the line is displaced and dividing by the appropriate reduction

factor for the particular camera and film reading device used. The

films on this project were read on a Telereadex instrument. The out-

put of this machine is in counts proportional to distances on the film.

It is then necessary to measure a known distance on the shot in order

to dctermine the shot reduction factor R

Counts on the Telereadex
R Distance in mm on the shot

The distance to the camera objective is greater for the grid images than

for the shot itself; consequently, the reduction factor fcr the grid

images, Rg, is somewhat smaller than R.. If L is the distance from
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the shot to the objective lens, -nd D the effective standoff distance for

the grid, then the ratio becomes

Rs L+DL
g /

The magnitude of the jump as measured on the Telereadex is J.

Therefore the actual jump magnitude is X = J!Rg.

The apparent velocity is inferred by a measurement of the

slope of the line determined by the ends of the undisplaced traces

(see Fig. 1I). In general, it depends on the coordinate Z, or the

distance from the apex. The angle between the vertical and the tangent

to the cutoff curve is Y . Then the apparent velocity is

qO , = cotY
R5

where W is the streak camera writing rate in counts/psec as measured

on the Telereadex.

When a film is analyzed, the positions of the undisplaced and dis-

placed traces are recorded. These sets of data are then checked by

first and second differences and smoothed by a computer program. The

program also differentiates the data using three points and five points.

It prints out the cot y so that the apparent velocity can bt2 calculated and

the procedures for determining up as described above can be carried

out.
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Appendix II

INDEX OF REFRACTION MEASUREMENTS
AND DISCUSSION OF RELEVANT DIELECTRIC THEORY

The principal goal of a theory of dielectrics is to relate macro-

scopic quqntities such as electric polarization, electric field, and

electric susceptibility to microscopic concepts and quantities. These

relations in general are functions of temperature, pressure, density,

and the frequency of the applied electric field. Much work has been

done developing both formal and physical theories for dielectric media.

The purpose of this appendix is to review the basic Ideas and problems

involved in order to appreciate the significance of new data that have

been obtained for the refractive index of a shocked dielectric.

1. General Concepts

A quantitative discussion involves the so-called electric polariza-

tion P, which is equal to the electric dipole moment per unit volume,

and its relation to the macroscopic electric field E. Provided that the

medium has no permanent polarization, that is that in the absence of an

external electric field the average polarization is zero, then the

polarization is a function of the applied field and can be expanded

as a power series in the field. Zxperimentally it is found that the

linear term in the expansion is adequate to describe physical systems

wherein the electric field is not comparable to interatomic fields,

which are on the order of 10 volts/cm. If the further simplification

id made that the medium is isotropic so that the polarization is not

dependent on the direction of the electric field with respect to the

dielectric, we can write

P= )Oei (44)

where the proportionality constant )( is called the electric suscepti-

bility. The first problem of the physical theory is to relate the
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macroscopic quantity Xe, or its equivalent the dielectric constant e, to

molecular quantities. Alternatively, since ie is defined by the above

relation, the theory must relate P and E to molecu:ar quantities.

The calculation of the local field is not simple; in fact, one of

the central problems is to relate the local field EV to the macroscopi.

field E. In only a few special cases cun a simple relation between these

two quantities be derived. Approximations to the local field will be dis-

cussed later.

In the case of P, the problem is stimple. Consider a molecule in

a nonpolar dielectric, i.e., a dielectric in which the molecules do not

have a permanent dipole moment. An electric field exists in the vicinity

of the molecuie due to an externally applied field. This local field is

denoted as 91 to keep it distinct from the external macroscopic field B.

The local field tends to polarize the molecule and the induced dipole

moment is p. Let <V> be the mean value of the moment computed by the

methods of statistical mechanics so that the desired polarization per

unit volume is Just

P - (45)

where N is the number of molebules per unit volume,

When we relate microscopic quantities, we still cling to a linear

relation between the local field and the extent to which the molecule

is polarized. The proportionality constant, e, is called the polarliz-

ability and ti a microscopic quantity. The molecules may have a permas-

sent dipole moment due to the molecular charge distribution, so that

the total moment is the atm of the permanent moment, ;, and the inducod

moment, *i

p 46)

It is convenient to consider or as the sum repulting from the contri-

butions of several sources of polarization in the material. The main

categories are labeled electronic polarization e and atomic polarlza-

tion *8, so that c a at + as. A concise outline of the several sources

of polarization is given by Bottcher:2 1
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"The average (dipole) moment, caused by the uniform external field,
is the result of four different effects:

a. Rotation (orientation) effects.

al: The uniform (electric) field tends to direct the

permanent dipoles (dipole orientation).

a2: It also tends to direct an antsotropic particle
into such a position that its axis of highest
polarizability coincides with the direction of
the external field. This effect may be neglected
when the field is moderate.

b. Translation (deformation) effects.

bl: The electrons are shifted relative to the nosi-
tive charges (electronic polarization).

b2: Atoms or atom groups are displaced relative to
each other (atomic polarization).

The rotation effects are counteracter" by the thermal movement of
the molecules. Thus they are strongly dependent on the temperature,
whereas the translation effects are only sliphtly dependent on the
temperature, since they are Intramolecular phenomena."

These classifications are convenieut because the dielectric prop-

erties of a medium are dependent upon the frequency of the applied

electric field. For static and low irequencies, all of these effects

contribute to the polarization. As the frequency is increased to, say,

the microwave region for water, the dipole orleatation term becomes

very important. At about 2 X 10 cycles/soc (1 a 15 cm) a resonance

occurs which corresponds to the perasnent dipoles of the water flipping

back and forth in phaso with the applied field. The dipole contribu-

tion becomes less Important as the frequency is increased further. The

molecules require a characteristic time to reorient themselves along

the applied field, and when the frequency of the applied field becomes

too large it chauges considerably before the permanent dipoles are

alloved to reach an equilibrium distribution. Newce, at optical fr*-

quencies the effect of the permanent dipole smment on the polarization

is negligible.
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Resonances also occur for the atomic effect. Depending on the

material, resonant absorption due to atomic oscillations occurs at

infrared or optical frequencies. Similarly, for the electronic com-

ponent, resonances appear In the visible and ultraviolet. Therefore,

the division of the polarizability, c, into its components Is useful

In understanding the basic physical phenome"* that determine the

dielectric properties within a particular frequency region.

2. Classical Microscopic Theorg

A classical treatment of the problem can be given that exposes

some of the essential features. Consider the displaceable electrical

charges of the molecule (these charges may be the electrons or the

atom groups) to be subject to a restoring force that Is proportional

to their displacement

F kr I (47)

The electrostatic forces within the molecule provide the restoring forces.

Let an electric field act on the charges. This field is external to the

molecule but is identified with the local field in which the molecule
~*1 thfinds itself, . The equation of motion for the I particle of

charge e is

d2-.

0 rT .kIr (48)

dt

where e 9 is the external force on the i particle. The natural fro-
I

qtuecy of the bound charge Is w I / jIis so that the equation of motic-n

Is rewritten

d1V1  2.-
431 g~r, - *11 (49)
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For an impressed field of frequency w12T the solution is

e I

and the induced dipolte moment Is

P,= e 51

so the polarizability Is

2
ei

mI I

Since the polarizsbllities are additive, the total molecular poliiri7-

ability is

2

• • ......2 _.. 2 • 3
I -l w• _ )

When the frequency of the external field approaches one of the nrtural

frequencies of the syktwmw, &- w I a damping term must be included In

the equation of motion. Tis trestmont Indicates the tmportance of the

"several O's In the vicinity of a resonance.

This classical result cam also be obtained with the added condition

of thermal agitattoe.*0 Sowever, an exact trett nnt must consider other

phenomena. The following discussion is bv V. 7. Brow . Jr.22

"The tbeory of dielectrics would be simple if the molocules...had
so electrical effect on each other sad if they were in s'atic
equilibrium. In fect, however, the molecules do not hove any of
tbhes characteristics. There are three characteristics of actual
molecular systeas that complicate the problem: (1) they obey
quantum law: (2) they interact electrostatically: and f31 thtv
are subject to tbermal agitation.

If any single one of these factors is introduced, the theory bs-
comes amb more complicated. Introduction of quantum laws
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(11) alone leadv to the quentum-mechanical formula for polar 4 z-
ability...; to evaluate the matrix elements...rigorouslY, it would]
be neceEsary to solve the wave ,quation for each type of mulecule

under consideration, and this is a formidable problem even for
only moderately complex molecules. Introduction of electrostatic
interactions (2) alone leads to the problem of evaluating the
local field intensity E' for a fixed configuration of molecules;
this problem has been solved rigorously only fcz crystal lattices
of certain types, and except in the simplest case (a cubic crystal)
the calculation requires rather elaborate mathezatical techniques.
Introduction of thermal agitation (3) alone leads, however, tv
a compnratively simple problem, one that can be solved by standard
techniques of statistical mechanics: for polar molecules, the
aolutlon of this problem gives us Debye's theory.

If any two of the complication factors are introduced simultaneously,
the resulting problem r "ild easilv fill a book." 31 ',4,26

Even though the situation may seem hopeless, we will show that with

some simplifying assumptions solutions can be obtained that predict

fairly well the observed phenomena.

3. The Local Field

We have shown that the maeCo-coplc polarization P Is simply related

to the microscopic dipole moment ; Lsee sq. (45)3. The local field, 'E,

is going to be the resultant of several fields. First, the externally

applied field, E, contributos to the Local field. It also polarizes

the medium so tLat there will be a contributlon to the local field of

the reference molecule due to 'cbe polarization of Its neighbors. It

the molecules have in addition a perm t dipole moment, the local

fi.ed is affected by dipole itoracttoies with the applied field aud

with the dipole field of the ;efwesooe )ietcule. We tberefore write

the local ftied as the amt of these varing cos-tIbutioea.

The problem is to e*aluate the stmmmatmv m v alu reasonahle assump-

tinos and models. The uecreoopl •c elation betwm e I '24. 144):

is reca•t using the deflaition of the 4ielectric oomstant.



P = Xe E 4-11

= (1 + 4re) 54)

Therefore

/ 4 E4TT
/

Equation (55) is valid for isotropic media with no permanent average

polarization (units are cgs).

4. Low Density Model

The simplest model for calculating the local field is to consider

it equal to the external field, i.e., the presence of the polarized

neighbors hai a negligible effect on the applied field. This sltuitioa

may be realized in a low density gas. Consider the molecules to have

no permanent dipole moment. The induced dipcle moment is therefore

P>= E~ OE 56)

The polarization per unit volume is

V= Nc* (57)

Utilizing &4. (55) the molecular polarizability is

S- 5(8)
4TN

The use of the relation

N 0p
N -=•o. (59)

where N is Avogadro's number, p is the mass density, and M is the molec-

ular weight, results in Phe expression

(4r ) M =) (60)
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In order to give meaning to Eq. (60), the expefrimental values of (c -

might be examined. If, for example, this quaýtity is constant, one mayI
justly infer that a is also a constant providel! the approximation

E• = E is valid for the dnesities involved.

This model can be extended to polar molecules with the use of statistical

mechanics. We have for polar molecules

p = (46)

The usual treatment is the following. Firit the contribution to the

polarization is computed as if p = o, which gives

6-1 = (4nN)c (58)

3econd, the contribution die to the permanent dipole moment is calculated

assuming no induced dipole moment and the result is

2

e-1 = (4rN)2/kT p (61)

Third, these two contributions are added to give

c-1 = 4ILN(\v+3) (62)

This equation is called the Langevin-Debye equation. It predicts that

for polar gases the quantity (e - 1)/p should be linear in l/T. This

is found to be a good approximation in many cases. Notable deviations

are observed for carbon dliside. 2

5. High Density Model

A correction to the previous model is due to Lorentz. 2 7  In dense

media, the local field is no longer equal to the appli+ field because

the polarization of neighboring molecules contributes significantly to

the local field. Consider a sphere of radius "a" about the molecule.

The distance "a" is chosen to be small from a macroscopic point of view,

but large microscopically. The contribution to the local field from
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molecules external to the sphere, , can be calculated by using mzcro-

scopic methods. The contribution to 9' from molecules within the sphere,

i2' is difficult to calculate, for there we are forced to use microscopic

methods.

The calculation of 1 is accomplished by considering the field at the

center of a hollow sphere of radius "a" imbedded 'in a dielectric of

uniform polarization P. The resulting surface charge density on the

sphere surface due to the polarization is a = -n • where -n is * normal

to the surface. The contribution to the local field at the sphere center

from a small surface charge is

dE1  =(P cos Q cos 0
= 2 • dS (63)

a

where the direction of dE1 is parallel to P. Upon integration we find

that

• 3 (64,

The total local field becomes

+ in + (5
3 2 (65)

The evaluation of '2 has been done for very symmetric situations (Lorentz

did It for cubic lattices) and found to be zero. When the molecules are

not fixed in position, R2 is not generally zero; however, for this model,

the approximiation is that 'V= 0. Then for nonpolar dielectrics, the

local field becomes

= +41 1P (66)
3

Using Eq. (55) we find that the internal field is related to the external

field as
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The average dipole moment Is

3 (68)

Th's, polarization/unit volume becomes

=N<'> C (69)

The molecular polarizability is obtained by combining Eqs. (68) and (69).

The result is

,= 3_ (70)

where N is defined as in Eq. (S5). This equation is known as the

Clausius-Mosotti equation.

As described for the previous model, the contribution to o from the

permanent dipole moment of the molecules can be included. The result is

- 1\M 4___ (71)

6. Optical Frequency Considerations

In order to relate these results to optical frequencies, the Maxwell
2

relation e = n is used. This equation is valid so long as the magnetic

permeability of the dielectric is 1. This can be seen by considering

the definition of refractive index

. - c/v (72)

where v is the phase velocity of light waves with frequency f. The

speed of light In a nonconducting medium ts c/,( 7 s where p' is the

magnetic permeability of the medium. Therefore
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2 2

-7 (73)

2
Upon substitution of e = n in the Clausius-Mosotti equation we

arrive at the Lorentz-Lorenz equation

2-2+4"N 3 (74)

Since for most dielectrics the contribution to a from the alignment ol

permanent dipoles at optical frequencies is negligible, we are justified

to drop the p 2 /3kT term in Eq. (71) and the Lorentz-Lorenz equation can

be applied equally well to polar molecules.

A quick summary of the validity and limitations of Eq. (74) is given

by W. F. Brown.23

"*t"The Lorentz local-field formula...has been derived only for
a lattice of dipoles with cubic symmetry. The dipoles must
all have the same constant vector moment. Actual materials
deviate from this model in one or more of the following
respects: the molecules are not located at points of a
lattice; the fields of the molecules are not simple dipole
fields; the moments are not all the same; or the moments
vary (in magnitude or direction or both) with time. Con-
sequently, the Lorentz formula and the dielectric-constant
formula that follows from it,.-must be regarded only as
first approximations."

B6ttcher 2 1 has made a correction to the Clausius-Mosotti equation,, II
that involves the "molecular radius" #a" for nonpolar molecules. His

result is

p [(6+ 2) (2# + 1) - ~(2.- 2)1

Although this equation predicts the behavior of some gases better than

the Lorentz equation, some calculations by Orttung 2  using experimental

data indicated that there was not a clear case for the corrected B6ttcher

result over the Lorentz formulation for liquid water.
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The molecular refraction is defined as

R =(76)

/2-

and is related to the molecular polarizability, at, through the Lorentz-

Lorenz equation (subject of course to the limitations of the Lorentz

equation). Since we are dealing with optical frequencies, th.e dominant

component in the polarizability is the electronic component. Exr mination

of R as a function of density for a particular diplectric may indicate

the extent to which a is affected by changes in molecular spacing. To

this end, Table V is reprinted from the Handbook of Physics. 2 9 A com-

parison of R is made for large changes in density for several materials.

Rand R represent the molecular refraction for the gas and liquid

phases, respectively. In the case of water vapor, R = 3.74 cc/mole andg
for water in the liquid phase, R = 3.71 cc/mole. This corresponds to

a change In density of almost 100,000. It may be expected that an addi-

tional increase in density by a factor of less than two in a shock com--

pression will not affect greatly the constancy of the molecular refraction.

7. Present Experimental Results

Four experiments were perforned (11,189; 11,190; 11,253; and 11,762)

in which an aluminum flying plate impacted the aluminum cell bottoms of

fluid gages. (See Section III for gage description.) The flying plate

velocity was monitored with the use of "pin" switches. On Shot 11,762

the free surface velocity of the aluminum driver was also measured using

the shin technique described in Section I11. The peak shock-induced

particle velocity in the water was determined graphically with the use

of the Rice and Walsh20 Hgoniot equation of state for the water.

Table VI lists the results of these experiments. The index of

refraction listed and the shocked state densities were determined from

the water gage records with the use of the computer program described in

Appendix I. The dynamic gage measurements were all completed before any

rarefaction waves had overtaken the shock front. The records themselvws
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Table V

MOLECULAR RBRACTIVITIE5 OF VARIOUS SUBSTANCES CALCULATED
FROM GASEOUS- AND LIQUID-STATE DATA*

-I
Substance M (ng -lj X 104 nt P Rg R1

Hydrogen, H2  2 1.32 1.10 0.071 1.98 1.85

Water, H20 18 2.49 1.334 1.000 3.74 3.71
Ammonia, NH2  17 3.73 1.325 0.616 5.60 5.54
Nitrogen, N2  28 2.96 1.205 0.808 4.34 4.52
Oxygen, 02 32 2.71 1.221 1.124 4.06 4.04
Nitric oxide, NO 30 2.97 1.330 1.269 4.45 4.83
Nitrous oxide, N.O 44 5.16 1.193 0.870 7.74 6.24
Chlorine, Cl2  71 7.73 1.367 1.33 11.58 11.92
Hydrochloric, HCI 36.5 4.47 1.245 0.95 6.71 5.95

Bromine, Br2  160 11.32 1.659 3.12 17.00 15.30
Hydrobromic, HBr 81 5.73 1.352 1.630 8.57 10.72
Sulfur:

*S 64 11.11 1.929 2.04 16.6 14.9
H2S 34 6.23 1.384 0.91 9.35 8.72
So2  64 6.90 1.410 1.359 10.32 11.61
CS2  76 14.7 1.628 1.264 22.0 21.4
COc 44 4.49 1.192 0.796 6.74 6.78

Methanol, CH2OH 32 5.49 1.331 0.794 8.24 8.23
Ethanol, C2HOH 46 8.71 1.3623 0.800 13.05 12.72
Acetaldehyde, CC8HO 44 8.11 1.3316 0.800 12.16 11.40
Acetone, CH3 COCH3 58 10.8 1.3589 0.791 16.20 16.05
Phosphorus, P2  62 12.12 2.144 1.83 18.20 18.15

* The data refer to the Na D lines.

Source: Condon, N.H., and H. Odishaw, Handbook of Physics. McGraw-Hill,
Inc., New York, 1958.
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Table VII

NOWIAR U•. I CION OF ATER:

State Molecular

Pressure Teaperature T  Density Refractive Refraction
(kbars) (Cc) (g/cc) Index (cc/mole)

Data from Present Study

Shot number
11,762 36 175 1.414 1.493 3.70
11,253 36 175 1.422 1.494 3.68
11,190 39 190 1.437 1.504 3.71
11,189 3S 185 1.433 1.507 3-76

Atmospheric Pressure Dtat3

Water
Liquid I X 106 20 0.9982 1.333 3.712
lee I X 106 -3 0.9104 1-3090* 3.777
Vapor I X 10-6 0 S X 10-4 1.000249 3.738

Data of Ahrens and Ruderann9

Shot number

10,640 , 48 240 1.468 1.474 3.45
10,383 295 1.515 1.482 3.39

Data of el'dovich. et &1.19

- 39 190 1.43 1.47 3.51
110 635 1.67 1.53 3.33j -144 880 1.75 1-.6 3.33

* IU , 18,01Sg/mol.

St Temperature from calculation o1 Rice and galsh, ftf. o0.
Ordimary ray.
Data rhdwetlo by present aathors.
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show that the initial relief waves do not pass over the Immersed foil

until after the jumps of the grid traces have been recorded.

Table VII lists the molecular refraction of water as calculated

from the data obtained from the experiments mentioned and also data

obtained from two other sources.,So The average value of 3 for our

four experiments is

R = 3.71 * 0.03 cc/mole
ave

at a density of 1.43 * 0.02 g/cc, which agrees very well with the value

of R computed for water at 20"C and one atmosphere.

It appears that the electronic component of the molecular polariza-

bility for water is little affected by the compacting of the molecules

from a gaseous state to the densities realized at 38 kbars in the shocked

liquid.

It is seen that there is some disagreement between our data and that

of Ahrens and Rudermans and Zel'dovich at al.1o The disagreement between

our data and that of Ahrens my be die to several possible somrces:

different techniques were used to determine the abock-iaduced particle

velocity In the water; the present data were analyzed using the Rice and

Walsh equation for water ktil, the earlier data were reduced using a

Eugoaiot equation derived from the ame experimist: randiom error.

Zeldovich et *l. quote a omwn quadratic error it "a" of *0.01.

Kowever, the state Is the shocked water was inferred by a m@asur- :t

of shock velocity. i11 errors In this meauremat might account for

the differences between their data and cars.
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